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ABSTRACT 

A gravitational scenario is proposed where the euchdean action is invariant under the 
isotropic and homogeneous version of the euchdean U(V) group of local transformations 
of the scale factor and scalar matter field, interpreting the trace of the second fundamen- 
tal form as the gauge field. The model allows spontaneous breakdown of some involved 
symmetries, including possibly diffeomorphism invariance, and leads to the formation of 
topological deffects. In particular, we consider here the case of the wormhole-induced 
formation of cosmic strings. 

1. Introduction 

This report proposes a possible framework where canonical theory of gravity 
coupled to matter can be interpreted as a gauge theory that may undergo spon- 
taneous symmetry breaking. More precisely, we show that in a Robertson- Walker 
minisuperspace with scale factor a and conformal time rj = / ^ , the euchdean 
action for Hilbert-Eisntein gravity conformally coupled to a scalar field $ with 
generally nonzero mass m satisfies an " axionic" symmetry that allows the action to 
become also invariant under the isotropic and homogeneous version of the euchdean 
L'^(l) group of local transformations, provided we Wick rotate anti-clockwise and 
interpret the trace of the second fundamental form as the gauge field. The final 
lagrangian can be seen to have the form of a typical Higgs model, and spontaneous 
symmetry breaking provides the resulting baby universes with the maximal Higgs 
masses. We also show that in the resulting gauge theory the nucleation of baby 
universes can be regarded as a topological process leading to the formation of well 
known topological deffects, such as cosmic strings. One could be tempted to suggest 
the generalization that there is a strong link between the topological changes leading 
to nucleation of baby universes in quantum gravity, and the emergence of all kinds 
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of topological deflects that are allowed in some gauge theories with spontaneous 
symmetry breaking. 

2. A Wormhole-Higgs Model 

Using ordinary (matter-field) cuclidcan rotation, t — ir, the cuclidcan Hilbert- 
Einstein action for a conformally coupled scalar field in Robertson- Walker metric 
becomes 

1=11 dvN{-^ + ^-a' + ^^+ m\'a% (1) 

where is the lapse function, x = {^^)^a^, and a prime denotes differentiation 
with respect to rj. The equations of motion for % and a derived from (1), x" = 
X + m^a^X and a" = a — rri^y^a, should correspond to classical solutions that allow 
the effective gravitational constant Ge// = G{1 — ^^^'^)^^ to change sign along the 
allowed phase-space region, and this would ultimately lead to negative energies and 
instabilities for perturbations about the classical solutions^. This problem points 
to inadequacy of the naive insistence of a single general Wick rotation both for 
gravity and matter fields^, and suggests thereby rotation in the opposite direction"^, 
t +iT, as the " correct" euclidean continuation when the coupled field is constant 
or pure gravity is dealt with. 

Although (1) is invariant under the global transformation (rotation) 

with ao a constant, it is not under the Robertson- Walker version of the corre- 
sponding local transformation where ao ^ a = a(r?), unless asymptotically. Thus, 
applying transformation a ae~^°'^^\ X X to action (1), this is amounted with a 
new term A/^"^ — hi driNa'^a''^, and from the equation of motion for a we obtain 
a' = where Bq is a constant. It follows A/(") = 5/ drjNBQ/a^ which vanishes 
as a — > 00. Note nevertheless that the set of the above two equations of motion for 
X and a, as well as the hamiltonian constraint, and the action itself, remain all 
unchanged under the symmetry x = ia,. It turns out that such a symmetry implies 
constant imaginary field $ = ^IiTg)^' ^ constant axionic field, and this vali- 
dates rotation of time in the opposite direction'^, and should require introducing an 
additional boundary term*, Ib = Const. N dr/ in the euclidean action for tran- 
sitions with constant Consistency of the equations of motion and hamiltonian 
constraint with x = leads then to Const. = Rq, with i?Q the integration constant 
for the first-integrated equations of motion which, after symmetry x = ia, can be 
written for the scale factor (in the gauge N =1) 

a'2 = a2 + 1^2^4 _ ^2^ (2) 
whose classical solution in terms of the Robertson- Walker time r is 



a(T) = m ^ [(H- 2m^i?o) 2 cosh(2 2 mr) - 1] 2 ; x = ia. 



(3) 
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which represents a nonsingular wormhole spacetime. The lorentzian continuation 
of (3) describes a baby universe with maximum size of the order (for very small 
m) i?o, with a singularity in the past at lorentzian time t ~ i?o. Of course, for 
m = we recover the usual Tolman-Hawking wormhole^ a = Rq coshry, though still 

satisfying x = io.- 

It is worth pointing out that if symmetry x = «a holds and euclidean rotation is 
performed anti-clockwise, then remarkably the resulting euclidean action becomes 
positive-definite and hence free from the fatal conformal divergences which have 
many times been considered as one of the biggest problems in euclidean gravity. 

Re-expressing (1) in terms of x alone by using x = after Wick rotating in 
the opposite direction, one can obtain the lagrangian density 



It is only when the lagrangian density is expressed in the x-saturated form 
(4) that it becomes invariant under the above local transformations. Denoting 
A = , where TrK is the trace of the second fundamental form, TrK = ^ , and 
Q is the charge of the scalar field, such transformations can inmediately be written 
in the more familiar form 



which exactly arc the transformations of the isotropic and homogeneous euclidean 
{t — »■ +iT) version of the Abelian group U{1) if A is interpreted as the gauge 
field. Thus, if $ is shifted by some real scalar $ — > ^ = $ + then upon 
substitution of $ for </>, (4) becomes a typical Higgs model for an arbitrary charge- 
Q field 0, a masslcss gauge field A oc K, and variable "tachyonic" mass i. Without 
loss of generality one may regard that after spontaneous symmetry breaking it 
is only the originally zero real component of the scalar field that acquires some 
constant classical part. Actually, a full euclidean version of the usual isotropic and 
homogeneous Higgs mechanism for spontaneous symmetry breaking in the U{1) 
group can be readily obtained. Therefore, after symmetry breaking in the unitary 
gauge, instead of the massless gauge scalar field A and the axion field $ one deals 
with the massive scalar field with mass tua = and with the real scalar field (fi 

^ ma ' ^ ~ 

with the mass m,^ = {-^)^ ■ On the asymptotic region, 77 — > oo, A = 5(5^)^ and 
niA = = 0, so the symmetry is restored on that region. The most stable broken 
phase condenses just at the wormhole neck where A vanishes and the field masses 

become maximum, = m.- = {-^)^ , so one should expect the branched 

baby universes to carry such maximum masses generated by the Higgs mechanism. 




mass and, if all symmetries are preserved, $ = 0. 



(5) 
(6) 



A^ A- ia{T) 
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The masses generated in the above Higgs mechanism would provide the four- 
momentimi constraints with nonzero r.h.s. terms, and it is in this sense that such 
a mechanism can be thought to break diffeomorphism invariance^. In fact, Gold- 
stone bosons appearing in the process could be regarded as gravitons arising from 
spontaneous breakdown of diffeomorphism invariancc^^^, and the trace of the sec- 
ond fundamental form -i.e. the gauge field- would play the role of the cosmological 
time^ needed to endow the Wheeler DeWitt equation with a r.h.s. energy opera- 
tor. The gravitationally-induced Higgs mechanism discussed in this report suggests 
the possibility that baby universes carrying all the gauge mass of the broken phase 
be nucleated. For finite gauge coupling, masses uia and m,p will take on nonzero 
arbitrarily large values inside the baby universes, but become exactly zero on the 
asymptotic region where the symmetry is restored. 

3. Gravitational Cosmic Strings 

The gauge theory we have considered so far allows for spontaneous symmetry 
breaking, and the quantum-gravitational topological changes that lead to the nucle- 
ation of baby universes can be viewed as phase transitions where topological deffects 
are produced. Such deffects would be expected to manifest as e.g. euclidean cosmic 
strings, with static string metric^° 

ds^ = e^'^dT^ + e^^dcj)^ + e^\dp^ + dz^), (7) 

where we have chosen the string to lie along the z axis, and v, ip and A will now 
depend not just on the radial internal coordinate p, but also on the scale factor a, 
and (p = and <p = 2'jT are identified. Taking for the interior of the string a uniform 
energy density e(a) > 0, out to some cylindrical radius po, guarantees avoidance 
of any singularity if the transverse dimensions of the strings are comparable to the 
Planck length, and we assume i?o >> mp^, mRo « 1. One can then use the 
thin-string approximation^^. Now, since we must choose 

Trip 

e = TT^ < Po, 

which is independent of p, and all components of the stress-tensor equal to zero, 
unless — Tl = —e, from the Einstein equations for metric (7), we obtain an 
interior metric 

ds"^ = dT^ + dp"" + dz^ + m*^a^ sin2(— (8) 

where m*^ = , and a is given by (3). 

Metric (8) differs from the Hiscock internal metric^° by its dependence on the 
scale factor a; they only become the same at the wormhole neck, where m*a^ = 
^ ) Co — 2Tr^mR^ " asymptotic region, a — > oo, metric (8) reduces to 

an euclidean cylinder of radius p, so the interior of the string disappears. Following 
the same procedure as in Ref. 10, we also obtain an euclidean static, cylindrically 
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symmetric exterior metric 

ds^ = dT^ + dz^ + dr^ + (1 - Aii{a)fr'^d(l}^, (9) 
where the mass per unit length will now depend on the wormhole scale factor 

= Tfl — cos( 

At the wormhole neck, (9) reduces to the euclidean version of the Vilenkin conical 
metric^^. Asymptotically, /U — > and the string closes upon itseft; i.e. on the 

asymptotic region there is neither exterior nor interior of strings: topological deffects 
simply disappear. Rotating to the lorentzian region, r —it, metrics (8) and (9), 
it can be seen that they become those of a usual cosmic string^^'^^ only when baby 
universes reach their maximum radius Rq. 

Acknowledgements 

This work was supported by a CAICYT Research Project N 91-0052. 
References 

1. J.J. Halliwell and R. Laflamme, Class. Quant. Grav. 6 (1989) 1839. 

2. S.W. Hawking, in 300 Years of Gravitation, eds. S.W. Hawking and W. Israel 
(Cambridge Univ. Press, Cambridge, 1987). 

3. A.D. Lindc, Particle Physics and Inflationary Cosmology (Harwood Acad. Publ., 
Cliur, 1990), and contribution by A.D. Linde in Ref. [2]. 

4. R.C. Myers, Nucl. Phys. B323 (1989) 225. 

5. S.B. Giddings, Phys. Lett. B268 (1991) 17. 

6. G.T. Horowitz, J. Lykkcn, R. Rohm and A. Stromingcr, Phys. Rev. Lett. 57 (1986) 
283. 

7. E. Witten, Commun. Math. Phys. 117 (1988) 353. 

8. E. Witten, Nucl. Phys. B311 (1988) 46. 

9. J.W. York, Phys. Rev. Lett. 28 (1972) 1082. 

10. W.A. Hiscock, Phys. Rev. D31 (1985) 3288. 

11. A. Vilenkin, Phys. Rev. D23 (1981) 852. 



